Abstract-This paper investigates the signature characteristics in spotlight synthetic aperture radar (SAR) imagery for surface targets that are increasing speed during the collection interval. This study considers the broadside geometry case wherein the radar sensor moves with constant speed and heading on a level flight path. The analysis concentrates on the target migration effects in which the moving target smear exhibits some defocus in the range direction, although much smaller in magnitude than the smearing in the radar cross-range direction. This paper focuses on the case of a target that executes a speed transition during the SAR collection interval. The SAR simulations are shown to give moving target signatures that are in agreement with the predicted shapes of the central contours.
I. INTRODUCTION
Moving targets cause smeared signatures within SAR imagery for all imaging modes. This effect is well-known and has been studied by numerous researchers. For example, Perry et al. [1] develops techniques for generated refocused target signatures based upon the smeared signatures of moving targets. These techniques assume that the smearing lies entirely in the radar cross-range direction, as has been assumed with most other studies. In addition, a number of other researchers have studied the properties of moving target signatures within SAR imagery [2] .
For narrow-band SAR, the signature lies almost entirely in the radar cross-range direction. However, for cases in which the radar bandwidth is a significant fraction of the center frequency, the mover signature can exhibit smearing effects in the radar down-range direction as well. Jao [3] has presented the results that moving target signatures can exhibit a basic curved bowing shape, wherein the majority of the smearing still lies in the radar cross-range direction. This bowing can be either concave up or concave down, depending upon the details of the target heading and the platform motion. These curved signatures have often been called target migration effects. These target migration effects are of interest in attempting to understand the motion of surface targets based upon their signatures within SAR imagery.
Stolt [4] has developed techniques for compensating the effects of range migration through the use of the special interpolation methods. These techniques can be applied in the focusing of stationary scenes for low frequency radar data via the Range Migration Algorithm (RMA), even though these methods were originally developed for the analysis of seismic data. The RMA methodology inputs the original smeared signatures of scenes, wherein stationary scattering centers are defocused along curved arcs. These methods then focus these curved arcs to be points for the case of idealized point scattering. Other focusing methods correct only the crossrange defocus effects. Thus, they do not correct residual range migration effects, resulting in lower quality imagery with residual defocus at lower radar frequencies. Other researchers have investigated methods for focusing targets for which range migration effects have caused down-range smearing in the SAR signatures. For example, Rahman [5] has applied RMA in attempting to focus moving targets which have the standard bowing signature presented by Jao [3] .
Recent studies [6] examines the signature characteristics of moving targets in SAR image data for cases of non-uniform target motion. Specifically, this analysis considers the case in which a target moves with constant heading at a slower speed, then increases its speed to a higher value. This analysis reveals that complicated smear signatures can occur under these circumstances, even for the special case in which the radar moves with constant speed along a level flight path while collecting SAR measurement data using a broadside imaging geometry. This analysis considers such range migration effects for spotlight-mode SAR, which is an imaging mode [7] , [8] that yields a high image resolution at the expense of lower area coverage rate.
An investigation of the morphology of mover smears for general maneuvering targets is given in Ref. [9] . This analysis utilizes power series expansion methods applied to local subaperture SAR images in order to generate general analytic equations for the shape of surface mover smears. Specifically, this study analyzes spotlight SAR for broadside imaging geometry and straight and level radar flight path in order to compute analytic non-parametric expressions for smear signature shapes for surface targets with arbitrary motion profiles. It is possible that this analysis could yield additional insight into the target motion characteristics based upon the details of these smear signatures within SAR imagery.
The fundamental analytics in the previous analysis [9] is based upon the development of analytic equations for the central contour shape for the signature induced by a moving target within SAR sub-aperture images. The use of subaperture SAR images has been applied by various researchers [10] , [11] , [12] for multiple purposes. The structure of the full-aperture SAR image can be inferred from the details of the sub-aperture images, since the concatenation of the smaller smears of the sub-aperture images yields the full-aperture smear.
Previous analyses [9] , [13] demonstrate the viability and utility of the predictive equations for the central contour shape of the smear for a number of special cases. One of these examples is the case of a surface target that is moving with a constant heading while transitioning from a higher speed to a lower value. The current analysis considers the opposite case wherein a target with constant heading transitions from a slower speed to a higher one. In addition, the current analysis examines the effects on the predicted and actual SAR mover signatures of varying the rate at which the speed increases. To accomplish this goal, free parameters in the analytic predictive equations are varied and the resulting plots are analyzed.
II. IMAGE FORMATION
The radar transmits and receives a waveform for each point along the synthetic aperture. The radar receiver forms the complex I and Q channels for each transmitted waveform along the synthetic aperture. The complex phase history data are formed from these two channels, including the magnitude via the complex magnitude of the two channels and the phase via the arctan of the ratio of Q over I. These phase history data are measured at the various frequencies f m spanned by the radar waveforms and at the different times t along the synthetic aperture. These operations give the downconverted, frequency-domain SAR measurement data in the original "polar" format:
In this equation, the path difference relative to the ground reference point (GRP) at the center of the geophysical scene to be imaged is defined by
The polar-formatted frequency-domain data are related to collected phase history data by a one-dimensional (1-D) Fourier transform along the range dimension.
The complex-valued measured quantitiesG in (1) determine the real (i.e., in phase) and imaginary (i.e., quadrature) components of the sub-band centered on frequency sample value f m corresponding to the transmitted radar waveform received at slow-time sample value t n . The constant c is the speed of light, and j = √ −1 is the imaginary constant. The factor of 2 provides for the two-way propagation of the radar. The summation over i in (1) allows for the effects of multiple scattering centers in extended targets. The quantity R i (θ(t n ), ϕ(t n )) is equal to the distance from the radar platform for the waveform received at slow-time t n to the ith scattering center characterized by the complex-valued reflectivity σ i :
Likewise, R 0 (θ(t n ), ϕ(t n )) equals the distance from the radar platform to the GRP at the {x, y, z} = {0, 0, 0} coordinate origin, i.e.,
The image data in the ground plane of z = 0 are obtained using the following functions that delineate the ground range and the ground cross-range components of the spatial frequency, i.e.,
A polar-to-rectangle sampling operation [7] can be applied to obtain the Cartesian-sampled data, i.e.,
Here, G(ξ m , η n ) is the desired complex-valued frequencydomain Cartesian data. Here, there are M discrete resampled values of the ground range spatial frequency ξ m , and there are N discrete resampled values of the ground cross-range spatial frequency η n . Then, a 2D discrete Fourier transform (DFT) gives the desired spotlight-mode SAR image:
III. SIGNATURE PREDICTIONS Ref. [9] applies the techniques of a power series expansion applied to sub-aperture images in order to derive general expressions for the central contour of the smear signature for a surface target moving with an arbitrary motion profile. The present investigation considers the case of a surface target with increasing speed during the SAR collection interval in more detail. Such a maneuvering target can be modeled as a target that moves with constant heading according to a hyperbolic tangent speed profile, i.e., tanh(t). The integral of this speed profile gives a position profile that is proportional to ln(cosh(t)). The following form of the true target trajectory is considered [9] :
in terms of the free parameters {ᾱ 0 ,β 0 ,v 0 ,w 0 ,γ 0 ,φ 0 ,t 0 }. The current analysis examines the effects of varying the rate at which the target increases speed, as modeled by the parameter γ 0 . The target speed profile corresponding to (9) can be expressed in the form:
These equations model a target that is moving at a lower speed and then travels faster, before finally settling at a higher value.
The detailed analytics of Ref. [9] yield the following form for the predicted SAR signature of a target with increasing speed, expressed in terms of the down-range and cross-range components:
Again, the current analysis examines the effects of varying a subset of the parameters within {ᾱ 0 ,β 0 ,v 0 ,w 0 ,γ 0 ,φ 0 ,t 0 }.
IV. SIGNATURE RESULTS
This section examines the specific signatures that result for the case of a moving surface target undergoing an increase in speed during the SAR collection time. This increase in the target speed in modeled through the use of a hyperbolic tangent speed profile as provided in (9)- (10) . These truth equations for the actual target motion are consistent with a speed profile of (11) , as plotted in Figure 1 . For the first example, the parameter value are selected to be {ᾱ 0 = 0.0m}, {β 0 = 0.0m}, {v 0 = 9.62m/s}, {w 0 = 4.13m/s}, {γ 0 = 0.5s}, and {φ 0 = −81.3
• }. This set of target motion parameters is consistent with the desired case in which a constant-heading target is initially moving with approximately constant speed and then undergoes an increase in speed, and then settles to a higher approximately constant speed with the same heading. The plots have similar parameters that were used to initially demonstrate complicated smear shapes within Ref. [9] . Such shapes exhibit more structure than the simply bowed smear shapes that are characteristic of targets moving with constant speed and heading. However, vehicle traffic in urban environments can undergo frequent maneuvers wherein the speed is increased, thus motivating the current research. In addition, this analysis of targets with increasing speed yields an accurate match between the predicted signatures of Figure  3 and the actual target signature of Figure 2 . This analysis provides further verification of the predictive signature theory derived in Ref. [9] . The next set of plots considers a target that is increasing speed, but with a significantly lower rate of acceleration in the direction opposite to that of the direction of motion, as modeled with the parameter set: {ᾱ 0 = 0.0m}, {β 0 = 0.0m}, {v 0 = 9.62m/s}, {w 0 = 4.13m/s}, {γ 0 = 2.5s}, and {φ 0 = −81.3
• }. Only the parameter {γ 0 = 2.5s} has a different value. Again, the increase in the target speed is modeled through the use of a hyperbolic tangent speed profile as provided in (9)- (10) . These truth equations for the actual target motion are consistent with a speed profile of (11) , as plotted in Figure 6 . Figures 9 and 10 compare the actual and predicted SAR smear signatures for the case of a slow rate of speed increase than with the previous example, but with the radar mainbeam is pointed off of the starboard (i.e., right) side of the radar platform. Again, there is excellent agreement between the predicted and actual SAR signatures in terms of smear position, extent, and shape. This case gives a different signature which almost crosses itself, just as for the case of a braking target with a larger value for the acceleration in the direction opposite to that of the direction of motion. This paper has examined the signatures of surface moving targets that are increasing in speed during the SAR collection interval. Consistent signatures smears were obtained from both the application of analytic predictive equations and the generation using SAR simulations. It was found that the resulting signature shapes need not conform to conventional bow-shaped morphologies. In particular, this analysis compared signature of targets with a higher rate of speed increase versus those with a slower rate. For both sets of cases, similarly interesting and complicated target signature smears result. 
